Neuronal senescence caused by diabetic neuropathy is considered a common complication of diabetes mellitus. Neuronal senescence leads to the secretion of pro-inflammatory cytokines, the production of reactive oxygen species, and the alteration of cellular homeostasis. Agmatine, which is biosynthesized by arginine decarboxylation, has been reported in previous in vitro to exert a protective effect against various stresses. In present study, agmatine attenuated the cell death and the expression of pro-inflammatory cytokines such as IL-6, TNF-alpha and CCL2 in high glucose in vitro conditions. Moreover, the senescence associated-β-galatosidase' s activity in high glucose exposed neuronal cells was reduced by agmatine. Increased p21 and reduced p53 in high glucose conditioned cells were changed by agmatine. Ultimately, agmatine inhibits the neuronal cell senescence through the activation of p53 and the inhibition of p21. Here, we propose that agmatine may ameliorate neuronal cell senescence in hyperglycemia.
INTRODUCTION
Diabetes is a growing public health concern with the increase in the worldwide population [1] . Hyperglycemia can lead to inflammation-induced metabolic disorders and various catabolism dysfunctions [2] . Hyperglycemia causes an acceleration of age-related damage of neurons [3] . Cellular senescence is defined as an irreversible proliferation arrest and contributes to age-associated decline in cellular homeostasis in diverse tissue [4] . Age-related pathologies are accompanied by an increase in proinflammatory cytokines, including tumor necrosis factor (TNF)-alpha and interleukin (IL)-6 [5] . Specifically, the release of IL-6, IL-1, TNF-alpha, and chemokine (C-C motif) ligand 2 (CCL2) has been reported to be involved in p53-mediated cellular senescence [6] . p53 is as a transcription factor that mediates cell cycle arrest, cell senescence, and apoptosis [7] . In the central nervous system (CNS), p53 induction has been shown to correlate with neuronal death and DNA damage and senescence [8] Agmatine Inhibits the High Glucose Induced Neuronal Senescence vivo studies. In high glucose condition, the p53 cascade is strongly associated with the cell senescence [9] and cell metabolism. In addition, the activation of p21 has been reported that it leads to the aggravation of cellular senescence by reactive oxygen species (ROS) production [10] and cytokine' s secretion [11] . Not only p21, there are inducers of cell senescence such as p35, Cdk 5 [12] which are related to cell cycle arrest and they are also increased in cellular senescence condition, strongly related with p21.
Agmatine is a cationic polyamine peptide that is synthesized by decarboxylation of L-arginine by arginine decarboxylase (ADC) [13] . Results of experimental studies have shown that agmatine has neuroprotective effects in CNS disorders including cerebral ischemia [14] , Alzheimer' s disease [15] and Parkinson's disease [16] . In diabetic rats with middle cerebral artery occlusion, posttreatment with agmatine reduces neurobehavioral dysfunction [17] . Moreover, DNA fragmentation and expression of proapoptotic proteins such as cleaved caspase-3 were significantly reduced in ADC-transfected neural stem cells against H 2 O 2 stress [18] . Given that amine peptides are linked with the cell senescence through p53 and p21 cascade, we hypothesized that agmatine may alleviate the cell senescence by regulating p21 and p53 signaling. Here, we aimed to study the effects of agmatine on high glucoseinduced neuronal cellular damage, with a focus on the p21 and p53 pathway, to test the hypothesis that agmatine could reverse high glucose-induced cellular senescence.
maTERIals aND mEThODs

Neuro2A cell culture and drug treatment
N2A cells possess some of the properties of neuronal stem cells and are capable of differentiating into neuron-like cells in the presence of retinoic acid (RA) (Sigma-Aldrich, St. Louis, MO, USA). Undifferentiated N2A cells were cultured in Dulbecco' s modified Eagle' s medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and 100 μg/ mL penicillin-streptomycin (Gibco, Grand Island, NY, USA). N2A cells were passaged at least twice and then plated at 1×10 4 cells/mL in DMEM supplemented with 10% FBS for 24 hours. After that, the medium was changed to DMEM supplemented with 1% FBS and 5 μM RA for differentiation. Cultures were maintained in a humidified atmosphere of 5% CO 2 at 37 o C . Cells were treated with D-glucose (Sigma-Aldrich, St. Louis, MO, USA) and agmatine (100 μM) (Sigma-Aldrich, St. Louis, MO, USA) for 24 hours before sampling. As several in vitro studies [19] , we experimented in the concentration of glucose (25~200 mM).
Cell viability (MTT assay)
N2A cells were seeded at 1×10 4 cells/mL in 96-well plates to examine the effects of all experimental treatments. Cells were then rinsed with phosphate-buffered saline (PBS), and culture medium was replaced with serum-free medium. Next, 100 µl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St. Louis, MO, USA) solution (5 mg/ml in PBS) was added per well. After 1 hour 30 min of incubation, the medium was removed, and dimethyl sulfoxide was added to solubilize the purple formazan product of the MTT reaction. The supernatant from each well was measured at a wavelength of 570 nm with background subtraction at 650 nm. All experiments were repeated at least 5 times. Cell viability was expressed as a percentage relative to the normal control group value.
Determination of intracellular reactive oxygen species (ROS)
The level of ROS in N2A cells was measured using a fluorescent probe, 2' 7'-dichlorodihydrofluorescein diacetate (DCF-DA; Invitrogen, Carlsbad, CA, USA), as previously described [20] . N2A cells were passaged at least twice and then plated at 1 × 10 4 cells/ mL in DMEM supplemented with 10% FBS for 24 hours. After that, the medium was changed to DMEM supplemented with 1% FBS and 5 μM RA for differentiation. Cells were treated with glucose and agmatine for 24 hours. Then, N2A cells were treated with 5 μM DCF-DA for 30 min at 37 o C. After washing with PBS, fluorescence was measured with a microscope (Olympus, Korea) equipped with a CCD camera (Hamamatsu Photonics, Japan).
Western blot analysis
After agmatine treatment and exposure to high glucose stress, N2A cells were washed twice with ice-cold PBS, scraped, and collected. N2A cell pellets were lysed with ice-cold RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA). The lysates were centrifuged at 16,100g for 1 hour at 4 o C to produce whole-cell extracts. Protein content was quantified using the BCA protein assay kit (Pierce, IL, USA). Protein (35 μg) was separated on a 10% SDS-polyacrylamide gel and transferred onto a polyvinylidene difluoride membrane. After blocking with 5% bovine serum albumin in TBS/Tween (20 nM Tris (pH 7. MA, USA) for 2 hours at room temperature. Protein bands were detected and analyzed using enhanced chemiluminescence (ECL; Pierce, IL, USA).
Reverse transcription-PCR
The expression of Bax, TNF-alpha, CCL2, p21, cyclin A, PARP-1, p35, Cdk 5 in N2A cells treated with high glucose and agmatine was examined using reverse transcription PCR with the corresponding primers. Samples were lysed with Trizol reagent (Invitrogen, Carlsbad, CA, USA). PCR was performed using the following thermal cycling conditions: 10 min at N2A cells under the experimental condition were fixed in 0.2% glutaraldehyde solution for 15 min at room temperature. To detect β-galactosidase activation, we were performed β-galactosidase staining (Cell Signaling Technology, Beverly, MA, USA) at pH 6.0 [21] . For quantification, approximately five randomly chosen microscope fields in three independent cultures were examined at ×20 magnification so that at least 30 cells were considered as being either β-galactosidase positive or negative. β-galactosidase positive had cytoplasmic staining that appeared dark blue. All the experiments were repeated 3 times. N2A cells were then visualized under a confocal microscope (Zeiss LSM 700, Carl Zeiss, Oberkochen, Germany).
Statistical analysis
Statistical analyses were conducted using SPSS 18.0 software (IBM Corp., Armonk, NY, USA). Data are expressed as the mean ±standard error of the mean of three independent experiments. The statistical significance of group differences was determined by one-way analysis of variance (ANOVA) followed by Bonferroni post hoc multiple comparison tests. Differences compared with normal control were considered statistically significant at *p<0.05, **p<0.001 and differences within groups were marked using lines and drew * and ** to show significancy.
REsUlTs
Agmatine reduces neuronal cell death and ROS generation under high glucose condition
To examine the effect of high glucose stress on neuronal cell, we conducted a cell viability assay (Fig. 1A and 1B) , western blot analysis (Fig. 1C) , DCF-DA assay (Fig. 1D ). In the cell viability assay, we observed markedly decreased cell viability depending on glucose concentration compared to control treatment (Fig.  1A) . Based on MTT assay, we choose 200 mM of glucose as a high glucose stress condition because it induces high glucose stress as much as possible but not causes severe cell death. Fig. 1B showed the agmatine' s effect on the cell viability under glucose 200 mM treatment (Fig. 1B) . The increase in cleaved caspase-3 protein levels induced by high glucose condition was reduced by agmatine (Fig. 1C) . ROS generation was measured using DCF-DA reagent in conditioned N2A cells (Fig. 1D) . High glucose (200 mM) treatment induced significantly ROS generation in N2A cells (Fig.  1D) . In comparison, agmatine attenuated the generation of ROS in N2A (Fig. 1D) ROS levels in agamatine treatment group were almost the same with the normal control group. ROS levels in N2A cells were increased in high glucose injury compared to the normal control group. Under high glucose condition, ROS levels in the agmatine teatment group tend to attenuate compared to high glucose exposed group. Agmatine reduced the high glucose-induced increase in DCF-DA-positive cells (green). Each experiment included 4 repeats per condition. 2' , 7'-dichlorodihydrofluorescein diacetate (DCF-DA): green, Scale bar =200 μm. μM group, mRNA level of IL-6 was increased compared to the normal control group whereas the agmatine treatment groups showed lesser mRNA levels of IL-6 in spite of the high glucose toxicity. (B) TNF-alpha mRNA level was measured by using reverse transcription-PCR. In high glucose group, mRNA level of TNF-alpha was increased compared to the normal control group. The agmatine treatment group showed lesser mRNA level of TNF-alpha in spite of the high glucose toxic condition. (C) CCL2 mRNA level was measured by using reverse transcription-PCR. In high glucose group, mRNA level of CCL2 was increased compared to the normal control group. The agmatine treatment group showed lesser mRNA level of CCL2 in spite of the high glucose toxic condition. Data were expressed as mean±S.E.M, and each experiment included 4 repeats per condition. beta-actin was used as an internal control. Differences were considered significant at *p<0.05, **p<0.001. IL-6: interleukin-6, CCL2: chemokine (C-C motif) ligand 2, TNF-alpha: tumor suppressor factor-alpha. To determine the β-galactosidase as a hydrolase enzyme which accumulated in senescence cells under high glucose, we conducted β-Galactosidase staining ( Fig. 2A and 2B ). By comparison with the normal control group, β-galactosidase positive cells in high glucose condition were observed more positive cells ( Fig. 2A and  2B) . In contrast to the increased β-Galactosidase positive cells (blue) in high glucose group, β-Galactosidase positive cells were consciously reduced by agmatine treatment (Fig. 2B) . Judging from Fig. 4 . The measurement of p21, p35, Cdk 5 level in N2A cells under high glucose condition and agmatine treatment. (A) p21 mRNA level was measured by using reverse transcription-PCR. In high glucose group, mRNA level of p21 was increased compared to the normal control group. The agmatine treatment group showed lesser mRNA levels of p21 in spite of the high glucose toxic condition. (B) p35 mRNA level was measured by using reverse transcription-PCR. In high glucose group, mRNA level of p35 was increased compared to the normal control group. The agmatine treatment group showed lesser mRNA level of Cyc p35 in spite of the high glucose toxic condition. (C) Cdk 5 mRNA level was measured by using reverse transcription-PCR. In high glucose group, mRNA level of Cdk 5 was increased compared to the normal control group. The agmatine treatment group showed lesser mRNA level of Cdk 5 in spite of the high glucose toxic condition. Data were expressed as mean±S.E.M, and each experiment included 3 repeats per condition. β-actin was used as an internal control. Differences were considered significant at *p<0.05, *p<0.001. β-galactosidase was expressed in senescence cells, our findings indicate that high glucose generates the cellular senescence and agmatine protects the cellular senescence against high glucose stress.
Agmatine prevents the expression of pro-inflammatory cytokines in high glucose exposed N2A cells
To estimate the alteration of inflammatory cytokine expression in neuronal cells exposed to high glucose conditions, we conducted real-time PCR (Fig. 3A) and reverse transcription PCR (Fig. 3B and 3C ). Under high glucose condition, the mRNA expression of pro-inflammatory cytokines such as IL-6 (Fig. 3A) , TNF-alpha (Fig. 3B), and CCL2 (Fig. 3C) was increased. However, agmatine treatment reduced the high glucose -induced increase in IL-6 (Fig. 3A) , TNF-alpha (Fig. 3B) , and CCL2 (Fig. 3C ) mRNA levels compared to neuronal cells exposed to high glucose condition alone. Our results showed that increased expression of pro-inflammatory cytokines caused by high glucose was reduced by agmatine.
Agmatine alleviates the p21 mediated pathway in neuronal cells exposed to high glucose condition
To investigate p21 signaling related to cellular senescence in neuronal cells under the high glucose condition, we performed reverse transcription PCR (Fig. 4) . In the high glucose condition, mRNA levels of p21 (Fig. 4A) increased with regard to cellular senescence in comparison with the normal control group (Fig. 4A) . Agmatine treatment reduced the increase in mRNA levels of p21 in the high glucose-exposed N2A cells (Fig. 4A) . Moreover, the mRNA levels of p35 (Fig. 3B ), Cdk 5 (Fig. 4C) , were significantly increased in the high glucose condition, and were attenuated by agmatine treatment (Fig. 4B and 4C ). In this regard, agmatine may inhibit neuronal cell senescence via p21-mediated cell senescence signaling in hyperglycemia.
Agmatine inhibits activation of p53 in neuronal cells exposed to high glucose condition
To assess the phosphorylation of p53 in N2A cells, we checked the protein level of phosphorylated p53 using western blotting. Agmatine results in the increase of p53 phosphorylation (Fig. 5C ) with regard to cellular senescence in comparison with the normal control group (Fig. 5C ). In high glucose condition, agmatine increased phosphorylation of p53 in the N2A cells (Fig. 5C) . Taken together, agmatine may inhibit neuronal cell senescence by activating p53 in hyperglycemia.
DIsCUssION
Hyperglycemia leads to cell death, oxidative stress and cellular senescence, which is defined as an irreversible cessation of mitosis via p21-dependent signaling that occurs in the early stages of diabetic nephropathy [11] . In the cell, caspase 3 activation showed the cell death in response to the stress. In the present study, decrease of cleaved caspase 3 expression in high glucose conditioned N2A cells by agmatine indicates that agmatine may rescue the cells against the high glucose-induced cell death (Fig.  1C) . Several researches demonstrated that the cellular senescence is commonly characterized by high β-galactosidase activity [22] . In many researches, β-galactosidase activity has been used as the important marker of cell senescence in vitro and in vivo. In present study, we found that cells were attenuated the level phosphorylation levels were measured by using western blotting. In agmatine treatment group, the protein level of p-p53 was increased compared to the normal control group. The high glucose injured group showed lesser protein levels of p-p53 than normal control group. In high glucose condition, agmatine treatment increased the phosphorylation of p53 in the cells. Data were expressed as mean±S.E.M, and each experiment included 3 repeats per condition. beta-actin was used as an internal control. Differences were considered significant at *p<0.05, **p<0.001. Agmatine Inhibits the High Glucose Induced Neuronal Senescence of β-galactosidase under high glucose condition (Fig. 2) . In counterpoint to the high glucose group, agmatine treatment in high glucose condition group evidently attenuated the increase β-galactosidase activity caused by high glucose stress. Because cellular senescence have been reported previously as the reduction of telomere length and increased expression of cyclin-dependent kinase (CDK) inhibitors such as p21. The CDK inhibitor p21 is essential to arrest cells in G1 after cellular damage [23] . Several studies showed that p21 results in the increased expression of genes associated with lysosome enzymes and mitochondrial proteins, and this is involved in the induction of senescence [24] . As byproducts of cellular oxidative processes, ROS have been shown to be markers of cell senescence. p21 has been reported that it is involved in the ROS generation, leading to the aggravation of cellular senescence [10] . Increased expression of p21 leads to increased production of ROS in cells and subsequently, senescence. Based on our results, decrease of p21 could be linked to the reduction of both cell senescence and ROS generation by agmatine. Moreover, decrease of p35, Cdk 5 known as related with p21-mediated cellular senescence [12] by agmatine in high glucose condition supports our hypothesis that agmatine could alleviate the p21 mediated cell senescence signaling [11] .
Neuronal senescence results in cytokine dysregulation with an increase of pro-inflammatory cytokines and reduction of anti-inflammatory cytokines, leading to neurodegenerative diseases. Increased levels of TNF-alpha, IL-1, and IL-6 aggravate the process of neurodegenerative pathology [5] . Some studies demonstrated that cell senescence via the p21 pathway causes an increase in pro-inflammatory cytokine levels in patients [5] . Specifically, pro-inflammatory cytokines TNF-α [25] , IL-6 [26] , and CCL2 [27] have been shown to increase excitotoxic neuronal damage. In present study, our results assume that agmatine may attenuate the high glucose-induced increase of pro-inflammatory cytokines such as IL-6 (Fig. 3A) , TNF-alpha (Fig. 3B) , and CCL2 (Fig. 3C ) through inhibition of p21-mediated signaling, suggesting that these pro-inflammatory cytokines were regulated by the p21 pathway.
The activation of p53 has been reported that it could promote cell cycle arrest and DNA repair [7] . In addition, p53 activates numerous anti-oxidant genes such as GPX1, ALDH4, Acad11, TIGAR , and TP53INP1 related to the inhibition of ROS accumulation and cell survival [28] . p53 also has known as the regulator of the autophagy pathway and the booster of cell survival and protects cells from metabolic stress [29] . Current study suggested that spermine among amines like agmatine could promote the activity of autophagy in cells through the activation of p53 [30] .
Consequently, in present study, our results indicate that agmatine alleviates the neuronal cell senescence by high glucose by downregulaing p21 and by activating p53.
Thus, in accordance with our findings, we propose that further research is needed to elucidate that the effect of agmatine on the p21 and p53-medaiated signaling, which may serve as a target for the development of promising therapeutic strategies in diabetesinduced neuropathy.
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